The Dark Energy Spectroscopic Instrument (DESI) is a Stage IV ground-based dark energy experiment that will be employed on the Mayall 4 m Telescope to study the expansion history of the universe. In the era of massively multiplexed fiber-fed spectrographs, DESI will push the boundaries of fiber spectroscopy with a design capable of taking 5000 simultaneous spectra over 360 to 980 nm. The instrument utilizes a suite of three-channel spectrographs, where volume-phase holographic (VPH) gratings provide dispersions. Thirty-six VPH gratings were produced and their performances were evaluated at the Lawrence Berkeley National Laboratory. We present the design and the evaluation tests for the production run of the VPH gratings, verifying the incidence angle, areaweighted efficiency, and wavefront errors (WFEs). We also present the specialized test set-up developed on-site to assess the grating performances. Measurements of the VPH gratings show high consistency in area-weighted efficiency to within an rms of 2% for the red and near-infrared and 6.2% for the blue gratings. Measured WFEs also showed high consistency per bandpass. Comprehensive evaluations show that the VPH gratings meet DESI performance requirements and have been approved for integration.
Introduction
One of the biggest developments in modern cosmology is the discovery of the accelerated expansion of the universe, first revealed through the measurements of Type Ia supernovae (Riess et al. 1998; Perlmutter et al. 1999) . The nature of this accelerated expansion is not yet fully understood, but is believed to be driven by either a modification of general relativity or a new form of energy-dark energy, which contributes to nearly 70% of the universe's energy density. The goal of the Dark Energy Spectroscopic Instrument (DESI) is to constrain the models of dark energy with a five-year galaxy and quasar redshift survey. Approximately 35 million redshifts will be obtained to measure the baryon acoustic oscillations and the growth of structure through redshift-space distortions (DESI Collaboration et al. 2016a) . Results are expected to complement ongoing and future imaging surveys like the DESI Legacy Imaging Surveys, DES and LSST (LSST Science Collaboration et al. 2009; Abbott et al. 2018; Dey et al. 2018) . DESI is currently under construction on the Mayall 4 m Telescope at the Kitt Peak National Observatory (DESI Collaboration et al. 2016a ).
An overview of the telescope-instrument system and the optical layout of the spectrograph is illustrated in Figure 1 . A suite of 5000 robotic fiber-positioners at the focal plane will take simultaneous spectra. The fibers are bundled into arrays of 500 that feed a suite of 10 three-channel spectrographs with resolution R=λ/Δλ between 1500 and 4000, depending on wavelength (Edelstein et al. 2018; Poppett et al. 2016) . Light from the fiber arrays is collimated by a spherical mirror, and then split into three spectral bandpasses using two dichroics. Each spectrograph channel houses a volume-phase holographic (VPH) grating, which acts as the dispersion element optimized in its respective wavelength band. The wavelength bands are: blue (360-593 nm), red (566-772 nm), and near-infrared (NIR) (747-980 nm). The diffracted light is finally focused onto detectors by channel-specific cameras (Edelstein et al. 2018) . Detailed descriptions of the DESI instrument designs and the science objectives are described in the DESI Final Design Reports and related literature (DESI Collaboration et al. 2016a , 2016b Edelstein et al. 2018; Martini et al. 2018) .
Given the scale and ambition of DESI, it is crucial that the dispersive elements not only provide sufficient throughput and preserve the imaging quality of the millions of spectra observed, but also have consistent performance to maximize the DESI spectrograph output. In this paper, we present the performance of the DESI VPH gratings measured at the Lawrence Berkeley National Laboratory (LBNL) test facilities. We first outline the design and science requirements of the gratings. Next we present the measurement methodologies, including the description of the custom measurement rig for the performance tests. We finally discuss the measurement results of the incidence angles, efficiency performances, and wavefront errors (WFEs).
VPH Gratings
VPH gratings have seen increased usage as dispersive elements in spectrographs due to their high-efficiency transmissive properties, and the ability to easily tune the blaze profile (Barden et al. 2000) . The VPH gratings are constructed by sandwiching a thin gelatin film between two fused silica flat plates. The desired fringe frequency and orientation are recorded via a holographic exposure system (Barden et al. 1998 ). Input light is diffracted due to the modulation pattern of the bulk refractive index, which changes the optical path (Arns et al. 1999; Blanche et al. 2006) . The fringes of VPH gratings are typically tilted within the gelatin to remove the Littrow ghost, which may contaminate the primary diffraction (Burgh et al. 2007 ). The DESI gratings are tilted by roughly f≈3°. Figure 2 schematically displays the structure and geometry of the gratings, where α is the incidence angle, β is the diffraction angle, and f is the fringe tilt angle. An optimal incidence angle α 0 , satisfying the Bragg condition, is chosen such that the integrated diffraction efficiency of the gratings is maximized (Barden et al. 1998 ).
In addition to maintaining high throughput, the WFEs must be well accounted for, since sandwiching the VPH gelatin between glass plates can potentially distort and degrade the imaging quality through the grating (Barden et al. 2000 (Barden et al. , 2002 . WFEs in VPH gratings can be caused by many factors, such as polishing errors of the substrates, bending of the substrate-gelatin stack due to residual stresses (e.g., cementing processes and thermal effects), or an imperfect holographic recording written directly into the gelatin (Barden et al. 2000 (Barden et al. , 2002 Blanche et al. 2006 ). Thus it is crucial to characterize both the diffraction efficiency and the WFEs at the order(s) of interest, especially when high consistency is required for large-scale surveys like DESI. Further discussion of the VPH grating physics is given by Barden et al. (1998) . 
Requirements and Specifications
The DESI VPH gratings have physical dimensions of 180×160 mm 2 ×16 mm (thickness) with varying clear aperture areas. The incident field of view (FOV) of the grating is ±7°. 5 from the grating central axis, illustrated in Figure 2 , and is illuminated by a collimated beam of various pupil sizes. All DESI VPH gratings are optimized such that the +1 diffracted order efficiency is maximized. There were no specifications on off-axis FOV efficiency. The performance requirements and specifications for the DESI VPH gratings are detailed in Table 1 . These are driven by both science requirements and optical design limitations. Efficiency requirements listed are averaged over polarization and over the clear aperture. Since the actual measurements of the diffraction efficiency will include transmission losses from the VPH gelatin, glue, antireflection (AR) coating, and the substrate glasses, the "adjusted" efficiencies are used to compare results. A total of 36 full-size gratings (12 per channel) were produced by Kaiser Optical Systems Inc. (KOSI). A preliminary set of measurements was conducted by KOSI on a few points across the clear aperture (Figure 4 ), albeit in a less comprehensive manner compared to our measurements presented here. Based on our measurements, the top performing gratings in each channel with the best efficiencies are chosen for DESI integration.
Preliminary Evaluation of Test Gratings
Prior to the full production of the DESI VPH gratings, preliminary performance studies were conducted on full-size test VPH gratings for each bandpass, also produced by KOSI. Measurements were made in all three bandpasss to verify that the gratings met desired design specifications and also to prototype a set of reliable and efficient test procedures discussed in this paper. Efficiency performance at the specified incidence angle and the peak-to-valley (P-V) WFE for power and irregularity met the requirements (DESI Collaboration et al. 2016b) . Performance results of the test gratings were used to constrain the properties of the final DESI VPH gratings discussed in this paper.
Measurement Rig
We built an automated optical test bench to measure the +1 order diffraction efficiency of the gratings. The design was motivated by the desire to conduct a comprehensive yet efficient performance characterization across the entire clear aperture, while minimizing the handling of the VPH gratings. This test rig allows us to determine the optimal incidence angles, to perform a full-grating scan, and to illuminate off-axis angles. The rough design is inspired by the tunable spectrograph concept outlined in Barden et al. (1998) : a source output is collimated into a narrow pencil beam to illuminate the grating, and the diffracted light is captured by a detector. A schematic and photograph of the measurement rig are shown in Figure 4 . All measurements using the rig were conducted inside a dark tent.
A set of six Mightex LEDs at discrete wavelengths (λ=365, 385, 400, 470, 505, and 560 nm) are used to illuminate the blue gratings, and a Newport 1/8 m monochromator is used for the red and NIR gratings. The Mightex LEDs are used since they provide much higher flux in the UVblue range in contrast to the monochromator. Narrow-pass filters are installed in the LEDs to produce beams with typical FWHM of 10 nm. The output from the LEDs is fed through a 200 μm diameter multi-mode fiber to a 10 mm focal length collimator, which produces a 5 mm diameter beam at the grating. For the red and NIR measurements, the monochromator is illuminated with a bright tungsten lamp, and a set of broadband filters at the input block-out second-order contamination. Because of the low output flux, the monochromator light is fed through a larger 400 μm diameter, 1 m long multimode fiber, which produces a 10 mm diameter beam at the grating. We did not actively control or measure the polarization of the light incident on the grating, as polarization effects were not an issue for the DESI project. We estimate the degree of polarization incident on the gratings, and its consequences in Section 6.1.
The VPH grating is mounted on dual co-axial rotation stages that independently rotate the grating and the photodiode detector. Rotating the grating sets the incidence angle α of the collimated beam incident on the grating. The collimator is mounted on a tip-tilt stage that aligns the beam to grating normal within ±0°.07. An integrating sphere and photodiode detector assembly, mounted on the extended arm from the rotary stages, captures and centers the diffracted beam at the corresponding output β-angle to within 0°. 01. The beam intensity is measured using a Newport 1936-R power meter. Employing a tubular black paper baffle around the integrating sphere input port greatly improves the signal-to-noise ratio to make quick initial verification in the presence of background light and allows the control computer monitor to be used inside the dark tent. Both the photodiode assembly and the input beam fiber collimator are mounted on vertical translation stages that change the height of the incident beam. Similarly, the grating mount is secured on a linear translation stage that translates the grating laterally to the beam without changing either α or β. By synchronizing the horizontal and vertical motions of the grating, beam collimator, and detector, we are able to scan different regions of the grating active area at constant α and β, as shown in Figure 3 . In addition, the beam collimator and detector are mounted on swivel stages that pitch the beam at ±7°.5 to simulate the off-axis FOV inputs illustrated in Figure 2 . All measurement rig motions and data acquisition processes are fully automated with custom Python software. This allows us to quickly obtain full-grating efficiency performance evaluations.
Measurement Procedure
Each grating was inspected to identify visible defects, and then it was placed in the measurement rig with the blaze marker in the correct orientation before rigorous performance tests. Measurement goals were as follows.
1. Optimal incidence angle at grating center. As discussed in Section 2, the integrated absolute diffraction efficiency H α (λ) across a given wavelength band is maximized at the optimal incidence angle α 0 . To accomplish this, a collection of absolute efficiencies are obtained for 5-6 different λ across the bandpass at various α to calculate H α (λ) at the grating center. The absolute diffraction efficiency is the ratio of the +1 order diffraction measurement to the through-beam measurement. The fiber collimator and the photodiode detector are driven upwards so that the beam travels over the grating for throughbeam measurements. Then the two components are driven back down, and the grating and detector are set at appropriate α and β angles for the +1 order grating diffraction. Different α measurements are conducted by rotating the grating at 0°.5 steps at fixed λ. This process is repeated for each λ.
2. Full-grating area-weighted efficiency at α 0 . Once α 0 is determined at the grating center, relative efficiencies with respect to grating center are measured via horizontal, vertical, and cross-diagonal scans at α 0 . Scans through the grating center are taken at 0.25 inch intervals, such that the beam diameter partially overlaps the adjacent measurements. Approximate sweep regions are shown in Figure 3 . Although it is possible to survey the entire grating area, initial analysis showed that our scans were sufficient for performance evaluations. These measurements allow us to quickly calculate the average area-weighted efficiency of the grating for the entire active area.
3. Wavefront errors. The VPH gratings are installed in a different setup employing a Zygo interferometer to measure the power and irregularity components of the transmitted WFEs. A Zygo interferometer is put in place of the input light in Figure 4 , and the photodiode is replaced by a large flat return mirror to create a double-pass measurement of a VPH grating at the m=+1 order. A 4 inch diameter, 632.8 nm HeNe beam from the Zygo illuminates the VPH clear aperture. The gratings are installed on a mount with large frames, which severely limit the range of allowed incidence angles and the measurable clear aperture. As a result, the blue, red, and NIR gratings are illuminated at roughly −29°, −40°, and −50°respectively, which wildly differ from the design α 0 listed in Table 1 (−10°. 46, −18°.12, and −20°. 76 respectively). Unfortunately, the incidence angles were arbitrarily chosen to prevent the incident and transmitted beams from getting clipped by the mount frames. Because of this complication, we did not take additional steps to fully cover the grating clear aperture. Also the Zygo wavelength is out-of-band for the blue and NIR gratings. However, measurements showed that the gratings have sufficient 632.8 nm efficiency for high signal-to-noise measurements. The WFE maps of each VPH grating are recorded using the Zygo software. The return mirror flatness is known to be <λ/20 as per LBNL optics shop specifications. Since the allowed DESI WFE budget was substantially larger than λ/20, reference measurements of the return mirror were not taken.
Grating Performance

Optimal Incidence Angle at Grating Center
Absolute efficiency measurements performed at a series of different wavelengths and α produce a set of efficiency versus wavelength (η α (λ)) relations, often called "rocking curves." Figure 5 shows example sets of rocking curves for typical blue, red, and NIR gratings measured at the grating center. Each dotted-line curve represents a set of measurements made at discrete α-angles separated by 0°.5. A full suite of rocking curves is available from the first author.
To determine the optimal α 0 , first a spline interpolation is performed on each set of discrete η α (λ i ) data points to produce a continuous η α (λ) curve. Then the integrated efficiency of each curve is calculated by H d
( ) ( ) , which produces a set of H α (λ) and α pairs. We take the maximum of the parabolic interpolation of the H α versus α relation, which corresponds to the optimal α 0 for a given grating, shown in Figure 5 . This is repeated for each grating.
The averages of the measured α 0 s were α 0 =−11°.7, −18°. 42, and −21°. 47 for the blue, red, and NIR gratings respectively. The measured incidence angles for the red and NIR gratings were within the allowed installation window of Δα 0 =±1°.0; however, all of the top 10 blue gratings were not. Because of this, the reported α 0 for the blue gratings were set to the maximum allowed angle of −11°.5. Subsequent fullgrating sweeps for the blue were performed at α 0 =−11°.5, while the red and NIR gratings tests were performed at the measured optimal α 0 angles. Finally, the rocking curves for the interpolated optimal α 0 are calculated by taking the weighted average of the two adjacent rocking curves with discrete data, which are shown as solid red curves in Figure 5 . For example, the 0 h l a ( ) curve for the blue is the weighted average of the −11°.5 and −12°c
urves. The optimal 0 h l a ( ) curves are used to calculate the area-weighted efficiency, and also serve as quick initial examination of the grating performance to first order, making the grating center performance a good indicator for predicting the overall efficiency performance. In addition, highly sampled 40 λ measurements are obtained for a few red and NIR gratings to better model the efficiency profile for subsequent analysis. The average α 0 of the 10 best gratings per channel is summarized in Table 2 , and all measured α 0 are listed in Tables 3-5.
Full-grating Area-weighted Efficiency
A series of full-grating scans at the optimal α 0 were conducted to calculate the area-weighted efficiency and the wavelength-averaged efficiency, which characterize the overall performance. Data were initially taken at 5-6λ; however, initial analysis showed that 3λ measurements that bound the center and edges of the wavelength bands were sufficient for subsequent full-grating sweeps. This expedited the process of measuring 36 gratings. Using the absolute efficiency values across the clear aperture, we calculate the area-weighted efficiency for each grating. First, we average the set of efficiencies corresponding to the same radius from the grating center and obtain an average absolute efficiency versus radius relation as shown in Figure 7 . From the trends in Figures 6 and 7 , we note that the radial efficiency is mostly constant near the grating center; however, a wavelength-dependent spread is observed toward the edge of the grating clear aperture. Then we scale the average local efficiencies by the annular area bounded by each measured radii to obtain fractional area-weighted efficiencies. The sum of the fractional efficiencies is the area-weighted efficiency, η′(λ).
Since some wavelength measurements were not sampled for expediency, η′(λ) for the missing wavelengths was calculated by fitting the highly sampled η′(λ) curves to the low-sampled η′ (λ) data points for each grating. First, the highly sampled curves are interpolated to create model rocking curves (the 5-6 λ points for the blue, and the 40λ measurements for the red and NIR). Then the models are scaled to the 3λ data points, using scaling values determined from least-squares fitting, to create continuous η′(λ) relations. The measured and interpolated η′(λ) for all gratings are shown in Figure 8 overplotted with the average η′(λ) relation of the grating sets in the respective bandpass. Figure 9 plots the average η′(λ) curves for the three channels and compares against vendor predictions (J. Arns 2018, private communication) . Thus these η′(λ) serve as the effective rocking curves for each grating.
Finally, the wavelength-averaged, area-weighted efficiency h l is calculated to characterize the overall grating performance and to rank the gratings for final selection. The h l is obtained by averaging η′(λ) for each λ measured or interpolated. The detailed average performance results for all gratings are presented in Tables 3-5 . The averaged h l for the top 10 grating sets for each band are also summarized in Table 2 with the corresponding rms variation and uncertainty.
The measured h l is the combined efficiency of the grating diffraction, and the AR coating, glass, and gelatin transmission efficiencies, so we compare h l to the adjusted DESI efficiency requirements in Table 1 . The measured h l summarized in Table 2 show that the blue and NIR gratings sufficiently satisfy the adjusted efficiency requirements. However, the averaged red efficiency of 76.8% is slightly below the DESI requirement by 2.4%. This drop in efficiency is caused by the sharp drop in performance in the 740 nm<λ<770 nm band where the h l range between 65%and75%, as seen in Figures 5 and 8 . In fact, the the red gratings' deficiency in the 740-770 nm band may affect the signal-to-noise of the measured galaxy spectra in distinguishing emission-line features for redshift measurements, which is important for the DESI surveys satisfactory for the DESI spectrograph integration. We note that the measured efficiency satisfies the DESI requirements at the central wavelengths (470, 670, and 860 nm) for all gratings.
WFE
The WFE maps were recorded and also analyzed using the Zygo Mx-Pro analysis software. A Zernike fringe polynomial fit was performed on the recorded WFE maps to extract the measured WFEs. By default, the Zygo Mx-Pro produces robust P-V (PVr) WFEs based on a 36-term Zernike fit defined by Evans (2008 Evans ( , 2009 . These PVr values were corrected to produce a standard P-V WFE and corresponding rms, which we use to compare with the DESI specifications ( Table 1) . Figure 10 shows an example set of the power and irregularity wavefront maps for each grating type.
However, since the test configuration, as described in Section 4, measured the WFE at different incident angles than what they were designed for, the measured P-V WFEs were corrected accordingly. In fact, the geometry of the test setup (e.g., the incidence angle and double-pass) acts to scale the overall measured WFEs (Bass 1994) . The double-pass resulting from reflections off the return mirror doubles the measured WFEs, and the change in incidence angle compounds a cos a factor. The correction into single-pass WFEs measured at the desired incidence angle α 0 involves scaling the measured P-V WFEs by the scale factor
where α′ denotes the incidence angles chosen for the Zygo measurement (Bass 1994; Zecchino 2014) . The W-factor corrections show that the biggest contribution to the additional WFEs comes from the double-pass scaling. On average, the measured P-V WFEs for the blue, red, and NIR gratings respectively, require roughly 56%, 62%, and 73% scaling correction. The corrected P-V power and irregularity WFEs for each VPH grating are listed in Tables 6-8 . We see that the P-V WFEs for all 36 gratings are well within the DESI specifications of one wave for irregularity and 1.5 waves for power. No obvious correlation between the measured P-V WFEs and the measured average grating efficiency for each grating is observed.
Discussion
α-angle Accuracy and Tuning
As demonstrated by the incidence angle measurements in Figure 5 , our ability to accurately characterize the efficiency profile of the VPH gratings is dependent on the accuracy of the measured α 0 . Errors in α 0 would mischaracterize the diffraction efficiency by biasing the rocking curve toward one side of the wavelength band (Barden et al. 2000) . Measurement errors in α 0 are a consequence of uncertainties due to the optical alignment of the measurement rig (grating-to-beam alignment, accuracy of the rotational stages of the grating and photodiode detector) and the stability of the source (intensity and wavelength calibration).
The average uncertainty efficiency due to detector sensitivity is σ η =±2% for a measurement run, which is highlighted by the uniformity in efficiency measurements per wavelength for the different α angles plotted in Figure 5 . An extensive wavelength calibration of the LEDs and the monochromator was performed against known emission lines from a neon Figure 8 . Area-weighted efficiency curves of the blue (top left), red (top -right), and NIR (bottom) gratings. The solid black curves indicate the average η′(λ), where the error bars represent the rms variations in measured efficiency. The highly sampled 40 λ models for the red and NIR gratings are scaled to the data points to produce the interpolated η′(λ) relations. discharge lamp, and revealed the wavelength uncertainty to be σ λ =±0.7 nm. Combining the uncertainty in beam-to-grating alignment σ f =±0°.07, the grating rotation uncertainty σ θ =±0°. 01, the uncertainty in the centering of the photodiode to the beam σ β =±0°. 01, and the wavelength uncertainty, we find the total uncertainty in the measured α 0 is σ α =±0°.07. This is smaller than the rms spread of measured α 0 -angles, which is ±0°. 4 at most, indicating measurement errors of α 0 are minimal. Thus, the observed variations in α 0 between the gratings are an inherent property of them, most likely caused by the quality and uniformity of the gelatin used to store the grating fringes.
Although VPH gratings are known to be mostly insensitive to polarization effects (Arns et al. 1999; Barden et al. 2000; Baldry et al. 2004) , it is likely that there is some unaccountedfor shift in the rocking curve due to polarization effects, especially since polarization of the source was not controlled or characterized. Fortunately, post-measurement analysis has shown that the knowledge of the properties of the sources used was sufficient to estimate possible uncertainties due to polarization. LEDs by nature do not produce polarized light, so polarization effects for the blue measurements are not applicable. On the other hand, the Newport monochromator used for the red and NIR gratings has several reflective surfaces, which would mean it may output partially polarized light. According to Newport, a similar model monochromator, Newport CS260, supposedly does not produce polarization (L. Pryde 2018, private communication). However, assuming the monochromator outputs 10% polarized light, we would only expect about 5% polarized light incident on the gratings; the 400 μm fiber feeding the monochromator light to the grating face was measured to preserve roughly 50% of incident polarization. Despite this, since the measured α 0 were consistent and were close to the design specifications, it was determined that polarization effects were minimal.
An advantage of the co-dependence between α 0 and η(λ) of the VPH gratings is the ability to tune the efficiency profile with α, where the blaze profile can be shifted or tilted by simply changing the incident α angle (Barden et al. 2000) . From Figure 5 , we see that adjusting the α-angle would "rock" the ends of the efficiency curves about the blaze wavelength (hence "rocking curve"), boosting specifc wavelength bands. This may be desirable depending on the science objectives. For example, one may choose a smaller α-angle for the blue gratings to boost the performance in the 350-400 nm UV band. Likewise, smaller α-angles for some NIR gratings may be desired to boost efficiency in the 750-800 nm band. On the other hand, larger α-angles for the red gratings would appear to boost the performance in the 700-750 nm. It is also possible to tune the rocking curves into a more symmetric shape about the blaze wavelength. This tuning feature would certainly be advantageous for the blue gratings, especially since these were measured at the non-optimal α 0 ; however, this would mean neglecting certain DESI spectrograph design constraints (Edelstein et al. 2018) . Despite the apparent advantages of α-tuning, it is important to note that deviating from the optimal α 0 would result in a lower overall wavelength-averaged efficiency. Thus, the α-angle tuning feature should be examined with caution.
Rocking Curve Stability
The low statistical errors and measurement stability of the VPH efficiency, evident in the similar rocking curve shapes, indicate high consistency in the blaze optimization. A careful accounting of the h l indicates that the apparent asymmetry in the all measured rocking curves is a real feature of the gratings. We also note the efficiency profiles to be much broader and smoother, compared to the vendor predictions, which is preferable for a broadband redshift-survey like DESI.
In fact, despite the efficiency losses in the red gratings, both these and the NIR gratings showed remarkable consistency in their efficiency performances with an rms spread within 2.5% and 4.2% respectively. The blue gratings showed a larger variation in efficiency performance with a rms of 6.9%, shown in Figure 8 . The spread in the blue performance may be indicative of the difficulties involved in producing thin-film VPH gratings optimized in the blue. In fact, there is an apparent correlation of the blue grating production order (serial (Table 3) , where the h l appears to improve with increasing serial number, which may be suggestive of the fine-tuning involved in the UV-blue band VPH grating production. According to the vendor, an internal program to optimize the blue performance was conducted prior to full production of the DESI gratings; the detailed procedures were not disclosed (J. Arns 2018, private communication) . On the other hand, the production orders of the red and NIR gratings do not appear to correlate with efficiency. There is no apparent correlation between optimal α 0 and the shape of the rocking curves, nor any correlation with h l , indicating high reliability and consistency in VPH grating performance.
Off-axis Efficiency
Off-axis efficiency measurements at the optimal α 0 angle were also measured at ±7°.5 from the grating axis through the grating center to simulate the input at the maximum FOV angle, as illustrated in Figure 2 . A small scatter of ±2% in diffraction efficiency was observed for the off-axis input angles. This is comparable to the uncertainty of the detector measurement, so the dependence on incident FOV angle is insignificant. Since there were no DESI requirements on offaxis efficiency, no vendor measurements were made for comparison. The low loss in measured efficiency at the most extreme FOV angles was deemed sufficient for DESI, so no further effort was made to explore the off-axis dependence.
WFE
As described in Section 4, the test configuration measures the WFEs at different incidence angles than they were designed for. The incidence angles were arbitrarily chosen to avoid clipping, and the gratings were illuminated at 632.8 nm, which is out-of-band in the blue and NIR bandpasss. These measurement parameters would suggest poor signal-to-noise or even additional wavefront aberrations. Despite these concerns, Zygo measurements have shown sufficient signalto-noise ratio for all gratings. In fact, the α-angle tuning feature had worked to our advantage with blue gratings, as the larger α-angles boost the red-band efficiency for high signal-to-noise. Also, although the rocking curves suggest low 632.8 nm efficiency for the NIR gratings at α≈−50°, there was sufficient signal-to-noise ratio for wavefront measurements.
Also, since post-polishing of the substrates was not required by DESI, it is possible that roughness in the substrates may contribute to the measured WFEs. However, both the measured P-V power and irregularity errors, listed in Tables 6-8, show remarkable consistency with an average spread of roughly 0.05 waves for each grating type, which is highly preferable for the DESI experiment. We see that the measured P-V errors safely meet the DESI specifications.
Conclusion
This paper describes a thorough performance test methodology by presenting evaluation results for a production run of VPH gratings made for the DESI experiment. A custom measurement rig was built to measure the grating performance, summarized as follows.
1. The incidence angles for the red and NIR gratings met design specifications, while the blue gratings exceeded the allowed installation window of ±1°. 0. All measured α 0 s were consistent to within ±0°.5. 2. Minimal (<2%) off-axis incidence angle dependence in efficiency was observed, despite the lack of specification provided to the vendor. 3. The wavelength-averaged efficiency of the blue and NIR gratings comfortably met their respective throughput requirements. On the other hand, the red gratings exhibited performance losses focused in the λ>700 nm region, with the average efficiency measured to be 2.4% below the DESI requirements. Efficiency at the central wavelengths for all gratings was found to meet the design requirements. The overall efficiency-wavelength relations are recorded in their respective rocking curves. 4. With the exception of one NIR grating, the P-V power and irregularity WFE were determined to meet specifications with high consistency.
Despite some spread in performance levels, measurements showed a high level of consistency in VPH grating efficiency performance, rocking curve shapes, and incidence angles for each bandpass set, which is important for the DESI experiment. The consistency in measured performances from the statistically significant sample of specific grating designs affords a very useful insight into the maturity of VPH fabrication techniques, the expected performance uniformity within a larger production batch, or even the likelihood of meeting some specification goals for a single grating unit with comparable characteristics. This characteristic of VPH gratings is extremely important, especially as the reliance on them as dispersers becomes more common in the era of extremely large telescopes and powerful transient factories, instruments that use highly replicated unit spectrographs. Based on these measurements, the VPH gratings have been approved for the DESI spectrograph integration, and will serve as a valuable step in preparing DESI to better understand the nature of the universe.
